Transgenic mice carrying rat androgen-binding protein (ABP) genomic DNA express high amounts of testicular ABP and develop a progressive impairment of spermatogenesis. To understand the mechanism of these changes, we have studied the pattern of testicular germ cell proliferation from 7 to 360 days of age in wild-type (WT) control and transgenic homozygous (ABP-TG) mice by flow cytometry after labeling DNA in isolated germ cells with propidium iodide. At all ages studied, the body weight of the ABP-TG mice was lower than that of age-matched WT controls. Significantly reduced testicular weight and total germ cell number in the ABP-TG mice were evident from Day 30 and Day 60, respectively. Flow cytometric analysis of isolated germ cells revealed that the number of germ cells undergoing proliferation (S-phase cells) was identical in WT control and ABP-TG mice up to Day 14. Subsequently, the number of germ cells in S-phase was consistently higher in ABP-TG than in WT mice. The number of primary spermatocytes was significantly increased starting from Day 60, and the numbers of round and elongated spermatids were significantly reduced in the ABP-TG animals from Day 21 and Day 60 onwards, respectively. Immunocytometry for intracellular ABP at 90 days of age revealed that the percentage of ABP-containing germ cells was greater in ABP-TG than in WT mice. The continuous presence of ABP in mouse seminiferous tubules at greater than physiological concentrations facilitates the formation of primary spermatocytes but impairs subsequent transformation to round and elongated spermatids. Based on our observations and the analysis of the available literature, the most likely mechanism for production of these effects is sustained reduction in the bioavailability of androgens.
INTRODUCTION
Androgen-binding protein (ABP) is a secretory product of Sertoli cells, secreted into the tubular lumen and transported into the epididymis; it is present in the testis of all mammals examined [1] . Testosterone and FSH control the synthesis and secretion of ABP [2] [3] [4] . Because the hormonal requirements for ABP synthesis are very similar to those for normal spermatogenesis [5, 6] , ABP is considered a biological marker for Sertoli cell function [7] . Apart from ABP's established role as a binding/carrier protein for sex steroids [1] , it has also been suggested that ABP may regulate fertility and spermatogenesis in a variety of experimental models [5, 6, [8] [9] [10] [11] . The mechanism of these effects is not clear. Germ cells are capable of internalizing ABP and its homologous protein, sex hormone-binding globulin [12, 13] . Specific cell surface receptors for ABP have been described in several cell types, including germ cells [14] [15] [16] . It has been proposed that activation of these receptors by ABP complexed with steroids may mediate the actions of ABP (and perhaps testosterone) on spermatogenesis [17, 18] .
In all previous studies demonstrating ABP's role in spermatogenesis, experimental manipulations were used that resulted in reduced concentrations of ABP, compared with physiological levels. To further analyze the possible role of ABP in spermatogenesis, transgenic mice overexpressing rat ABP (rABP) were developed [19, 20] . The testis, epididymis, and serum in transgenic (hemizygous) mice contain 20-30 times more ABP than do those of control mice [20] . Surprisingly, transgenic mice homozygous for rABP developed progressive structural and functional abnormalities in the testis, leading eventually to infertility [20] [21] [22] . Immunocytochemistry revealed intense ABP immunoreactivity in and around germ cells in all phases of development in the transgenic mice, and clusters of round spermatids showed intense immunoreactivity [20] . Selva et al. [23] reported that meiotic arrest at the level of primary spermatocytes and apoptosis of growth-arrested germ cells were the causative factors for the decline of fertility seen in the ABPtransgenic (ABP-TG) mice.
Because flow cytometry allows a rapid and quantitative analysis of cell types based on their DNA content, it is particularly suitable to assess patterns of spermatogenesis. The aim of the present study was to obtain detailed quantitative information on the dynamics of germ cell proliferation in ABP-TG mice, compared with controls, from 7 to 360 days of age to asses the cellular basis of the spermatogenic impairment seen in the transgenic mice and to clarify the mechanism of action of ABP and, by implication, the action of androgens on spermatogenesis.
MATERIALS AND METHODS

Chemicals
Collagenase-IV, trypsin, soybean trypsin inhibitor, pepsin, propidium iodide, BSA, ribonuclease (RNase), and deoxyribonuclease (DNase) type II were purchased from Sigma Chemical Company (St. Louis, MO). Fluorescein isothiocyanate (FITC)-conjugated affinity-purified goat anti-rabbit IgG was purchased from Jackson Immunoresearch Laboratories (West Grove, PA). The rabbit anti-ABP serum was raised in our laboratories and characterized by Feldman et al. [24] .
Animals
The ABP-TG homozygous mice used in the present study were developed by Reventos et al. [19] and were propagated by crossing hemi- 
Isolation of Germ Cells
Testicular germ cells from control and ABP-TG mice were isolated following the methods described by O'Brien [25] . The tunica albuginea was removed, and the decapsulated tubules were incubated in PBS containing 0.5 mg/ml collagenase for 15 min at 32ЊC in a shaking water bath. The tubules were washed twice with PBS containing 1.0 g/ml DNase. The washed tubules were incubated with 1.0 g/ml trypsin in PBS for 15 min at 32ЊC. An equal amount of soybean trypsin inhibitor was added, and the suspension was mixed by gentle pipetting with a plastic transfer pipette for 3-5 min and was filtered through an 80-m nylon mesh (50-m mesh if prepubertal). The resulting monocellular filtrate was washed twice with PBS, and cells were counted in a hemocytometer, fixed in 70% ice-cold ethanol, and stored at 4ЊC until flow cytometry analysis.
Propidium Iodide Staining and Flow Cytometry
The method described by Krishnamurthy et al. [26] was followed to stain the DNA in isolated germ cells. Ethanol-fixed germ cells (1-2 ϫ 10 6 ) were washed twice in PBS and incubated in 500 l of 0.2% pepsin (dissolved in 0.9% saline, pH 2.0) for 10 min at 37ЊC. After centrifugation, the cells were stained with staining solution containing 25 g/ml propidium iodide, 40 g/ml RNase, and 0.3% Tween-20 in PBS at room temperature for 20 min. The propidium iodide-stained cells were analyzed in a FACScan flow cytometer (Becton-Dickinson Immunocytometry, San Jose, CA). The fluorescent signals of propidium iodide-stained cells were recorded, and a cytogram of DNA area vs. cell count was used to select cell populations on the basis of their DNA content. A total of 10 000 events were recorded for each histogram. The relative numbers of testicular cell types, i.e., elongated spermatids (H ϭ hypostainability of elongated spermatids due to condensation of nuclear DNA), round spermatids (1C ϭ haploid), secondary spermatocytes and spermatogonia (2C ϭ diploid), primary spermatocytes (4C ϭ tetraploid), and G-2 spermatogonia (S-phase ϭ spermatogonia synthesizing DNA) were calculated using the software Summit (Cytomation, Fort Collins, CO). The total number of each germ cell type was calculated as follows: number of particular cell type detected in sample ϫ total germ cell count.
total number of cells in sample
ABP Immunocytometry of Germ Cells
Freshly isolated germ cells (10 6 cells) from 90-day-old control and ABP-TG mice were fixed in 1.0% buffered paraformaldehyde for 30 min at 4ЊC. The cells were washed twice in 3.0 ml of staining buffer (1.0% BSA in PBS) and resuspended in 0.3% Triton X-100 and kept for 5 min at room temperature. The cells were then washed twice with 3.0 ml of staining buffer and resuspended in 100 l of staining buffer containing rabbit anti-rat ABP serum (1:1000) and incubated at room temperature for 1 h. After incubation, the cells were washed twice in staining buffer and incubated in the dark for 30 min at room temperature with 100 l of staining buffer containing a 1:100 dilution of fluorosceinated goat antirabbit IgG. After two washes in staining buffer, the cells were counterstained with propidium iodide: 25 g/ml in 1.0 ml of staining buffer containing 40 g/ml RNase. The intensities of the green fluorescence for 
Immunohistochemistry
Testes removed from control and ABP-TG mice were immersed and fixed overnight in Bouin fixative, embedded in paraffin, and sectioned at 8 m. The sections were deparaffinized and rehydrated. A polyclonal antirat ABP antibody raised in rabbit was used as primary antibody. The double peroxidase-antiperoxidase method described by Ordronneau et al. [27] was employed to demonstrate immunoreactive ABP using diaminobenzidine as chromogen, resulting in a dark brown reaction product. The sections were counterstained with toluidine blue, dehydrated in graded concentrations of ethanol and xylene, and viewed with a Nikon Eclipse 600 microscope equipped with a Spot digital camera (Diagnostic Instruments, Sterling Heights, MI).
Statistical Analysis
Changes in different parameters were compared using unpaired t-tests and the software GraphPad Instat (San Diego, CA). P values of Յ0.05 were considered significant. Quantitative results are stated as the mean Ϯ SD.
RESULTS
Body Weights
The body weights of the ABP-TG mice were lower than those of age-matched controls throughout this study ( Fig.  1A and Table 1 ). The differences were significant from the 10th day onwards.
Testicular Weights
Testicular weights for the ABP-TG mice were significantly lower than those for age-matched controls (Fig. 1B and Table 1 ). The reduction in the testicular weight was 
Germ Cell Number
Even though the reduction in the testicular weight was seen from Day 30 onwards, the total germ cell number started declining in the ABP-TG mice from Day 60 (2493.3 ϫ 10 6 Ϯ 544.9 ϫ 10 6 in ABP-TG vs. 3132.7 ϫ 10 6 Ϯ 361.2 ϫ 10 6 in WT). The extent of the reduction in the total germ cell number (the percentage difference between control and ABP-TG mice) increased gradually with age and reached its maximum (48%) on Day 360 (Fig. 1C and Table 1 ). Figure 2 shows the distribution histograms of propidium iodide-stained testicular germ cells based on DNA flow cytometry for mice of selected ages (7, 21, 60 , and 360 days) as examples. Depending on the DNA content, five populations of cells were distinguished and quantified: 1) primary spermatocytes (4C), 2) spermatogonia synthesizing DNA (S-phase), 3) spermatogonia, secondary spermatocytes, and testicular somatic cells (2C), 4) round spermatids (1C), and 5) elongating and elongated spermatids (H). Somatic cells (Sertoli cells, peritubular myoid cells, Leydig cells, and others) represent only about 3% of the total testicular cells [28] , and they are included in the 2C population. The different cell populations are discussed in the sequence of their development in the seminiferous tubules rather that in the order they appear in the flow cytometric profile.
Flow Cytometric Analysis
Spermatogonia and Secondary Spermatocytes (2C)
Because secondary spermatocytes are very short lived [29] , we assume that the majority of the 2C cells detected represent nondividing spermatogonia. In control mice, the total 2C cell population was 64.3 ϫ 10 6 Ϯ 21.8 ϫ 10 6 / testis pair on Day 7 and increased to 208.9 ϫ 10 6 Ϯ 31.3 ϫ 10 6 on Day 10 ( Fig. 3A and Table 2 ). Although the pattern of changes in ABP-TG mice was the same, there was a slight but significant decrease in the total 2C cell population on Days 180, 300, and 360 in the ABP-TG mice.
Spermatogonia Synthesizing DNA (S-phase)
The number of spermatogonia synthesizing DNA was practically identical in control and ABP-TG mice up to Day 14. Starting from Day 21, however, the number of cells in S-phase was consistently higher in ABP-TG than in control mice ( Fig. 3B and Table 2 ). The difference was significant at Days 21, 60, 90, and 240 (Table 2) .
Primary Spermatocytes (4C)
The number of primary spermatocytes (4C) in control and ABP-TG mice followed a similar pattern of increase until Day 30. However, starting from Day 60 (but with the exceptions of Days 120 and 360), the testes of the ABP-TG mice consistently contained significantly higher numbers of primary spermatocytes than did testes from control mice ( Fig. 3C and Table 2 ).
Round Spermatids (1C)
Round spermatids in control mice were first detected on Day 21 (37.4 ϫ 10 6 Ϯ 3.8 ϫ 10 6 ), and their numbers peaked on Day 120 (1845.4 ϫ 10 6 Ϯ 165.6 ϫ 10 6 ). This peak was followed by a slight decline and approximately steady levels thereafter. Although the pattern in ABP-TG mice was similar, the total number of round spermatids in ABP-TG mice was consistently and significantly lower in all age groups 21 days or older (Fig. 3D and Table 2 ).
Elongating and Elongated Spermatids (H)
In control mice, the elongated spermatid cell population started developing between Day 30 and Day 60, reached its peak on Day 90 (1109.8 ϫ 10 6 Ϯ 96.2 ϫ 10 6 ), and remained below but close to this level until Day 360 ( Fig.  3E and Table 2 ). In ABP-TG mice, the elongated spermatid population appeared at the same time, but in contrast to the controls, the total number remained significantly lower from 60 days of age onward. In addition, there was a steep decline between Days 300 and 360. The differences in the elongated spermatid populations between control and ABP-TG mice were 40.5% on Day 60 and 90% on Day 360.
ABP Immunocytometry
In control mice, only 3.15% Ϯ 0.90% of total germ cells were positive for ABP. Most of these positive cells be- longed to the 2C (spermatogonia and secondary spermatocytes) population. In ABP-TG mice, the percentage of total germ cells positive for ABP was increased to 22.00% Ϯ 4.19% and included all types of germ cells. (Fig. 4) .
Immunohistochemistry
No immunoreactive ABP was found in the testis of 21-day-old WT control mice (Fig. 5A) . In contrast, the testes of ABP-TG mice contained detectable levels of ABP already at Day 7 (data not shown); at 21 days of age, immunoreactive ABP was detected in Sertoli cells and occasionally in germ cells (Fig. 5B) . In 180-day-old control mice, immunoreactive ABP was found only in the lumina of seminiferous tubules and attached to sperm tails (Fig.  5C) . In 180-day-old ABP-TG mice, Sertoli cell stained heavily for ABP, especially the processes surrounding spermatids in the adluminal compartment. A few germ cells also contained immunoreactive ABP (Fig. 5D) . In 360-dayold ABP-TG mice, extensive ABP immunoreactivity was found in Sertoli cell cytoplasm and in or around many germ cells (Fig. 5F ).
DISCUSSION
The results of this study confirm those of many earlier reports suggesting that both reduced [5, 6, [8] [9] [10] [11] and increased [18, [20] [21] [22] [23] amounts of testicular ABP have deleterious effects on spermatogenesis.
One of the important outcomes of our study is the precise quantitative description of the dynamics of spermatogenesis in normal mice from 7 through 360 days of age. Our data also reveal that the testis develops and spermatogenesis begins normally in the presence of excess transgenic ABP. Although some testicular abnormalities were evident as early as Day 21, the severity of the changes increased with age. This progressive testicular impairment (reduction in testicular weight and total germ cell number) is consistent with earlier reports that transgenic mice overproducing rABP had progressively reduced fertility [20] [21] [22] [23] . Whereas in a previous study [20] there was marked reduction (10-25%) in the seminiferous tubular diameter, Esteban et al. [22] reported no difference in tubular diameter between control and ABP-TG mice. However, these authors [22] reported an increase in the number of Sertoli cells in the ABP-TG mice over that seen in controls. Sertoli cell numbers were not assessed in our study; however, the significantly reduced germ cell numbers in ABP-TG mice after 60 days of age would make the relative number of Sertoli cells appear higher.
To interpret correctly the changes in spermatogenesis observed in the transgenic mice, it is important to determine whether these changes are indeed caused by overproduction of ABP or by some other mechanism unrelated to the functions of ABP, e.g., insertional mutation (see also Selva et al. [23] ). Arguments in favor of the first explanation are the following. Overproduction of ABP is one of the fundamental phenotypic characteristics of the ABP-TG mice, and another transgenic line also demonstrated both increased production of ABP and impaired spermatogenesis [19] . Furthermore, the progressive nature of the abnormalities parallels the progressively increasing amounts of ABP detectable in the testes of the transgenic mice (e.g., see Fig.  5 ). In the transgenic mice, rABP mRNA is expressed specifically in the testis but not in other tissues or organs, the correct transcription start site is utilized, and expression within the testis is restricted to the correct cell type, i.e., the Sertoli cells [19] [20] [21] . These arguments strongly indicate that the only genetic abnormality in the ABP-TG mice is overproduction of ABP, and the other abnormalities seen are the results of this overproduction, i.e., the presence and actions of high amounts of ABP. Starting on Day 21 and continuing throughout the study, the number of proliferating spermatogonia (S-phase) was higher in the ABP-TG mice than that in age-matched controls. Starting from Day 60, the number of primary spermatocytes was also consistently higher in the ABP-TG mice than in controls. However, the numbers of round spermatids and elongated spermatids, starting from Days 30 and 60, respectively, were significantly lower in ABP-TG mice than in controls. This quantitative pattern is consistent with a reduced transformation of spermatocytes to spermatids in the ABP-TG mice (meiotic arrest), as suggested by Selva et al. [23] . However, the increased rate of spermatogonial divisions observed in the present study may also explain, at least in part, the ''accumulation'' of primary spermatocytes.
The reduction in testicular weight, total germ cell number, and the absolute numbers of round and elongated spermatids began in the ABP-TG mice around the same time, between 30 and 60 days of age. The apparent accumulation of primary spermatocytes also started during this period and persisted throughout the study. This time period in male rodents represents the onset of puberty, the time when testicular functions are activated by gonadotropins and testosterone [30, 31] . The striking coincidence of these hormonal changes with the first appearance of the spermatogenetic impairment in the ABP-TG mice strongly suggests that excess ABP causes these impairments by sequestration of testosterone, i.e., reducing testosterone's availability for interaction with its molecular targets, primarily the androgen receptor.
This interpretation of our results is also consistent with conclusions from many earlier studies that addressed the effects of testosterone (or its withdrawal) on spermatogenesis. Increased spermatogonial proliferation (parallel with reduced germ cell apoptosis) in response to reduced testosterone levels was described by Shuttlesworth et al. [32] . The completion of meiosis and the formation of round spermatids are androgen-dependent processes in the genetically gonadotropin-deficient (hpg) mouse [33] . Perhaps the strongest evidence in favor of reduced availability of androgens in the ABP-TG mice is the strong reduction in the transformation from round to elongated spermatids. This transformation is the main androgen-dependent step in spermatogenesis [34] [35] [36] . Still another change indicating testosterone deficiency in the ABP-TG mice is the large-scale detachment of clusters of round spermatids observed in older animals [20] , another known consequence of testosterone withdrawal [37] . In an in vitro study, Roberts and Zirkin [38] found that ABP was capable of inhibiting the action of testosterone, presumably by preventing its access to the androgen receptor. Excess ABP within the seminiferous tubules may also act by reducing the availability of testosterone as a substrate for the enzymes 5␣-reductase and aromatase, thus leading to reduced formation of dihydrotestosterone and estradiol. Levallet et al. [39] and Saunders et al. [40] demonstrated the expression of p450 aromatase and that of estrogen receptor ␤, respectively, in germ cells of rat testis, suggesting a possible role for estrogens in spermatogenesis [41] . Analysis of testicular steroid, aromatase, and 5␣-reductase levels in transgenic mice might help to clarify these potentially complex mechanisms.
As an alternative explanation, the possible direct effect of ABP on testicular germ cells cannot be ruled out. In the present study, the percentage of ABP-containing germ cells was much greater in ABP-TG than in WT control mice at 90 days of age (even though the total germ cell number was significantly reduced). This finding is consistent with earlier immunocytochemical observations describing intense ABP immunoreactivity in and around all types of germ cells in ABP-TG mice [20] . In an in vitro study using isolated germ cells, ABP was bound and internalized by such cells and modified protein synthesis in a manner dependent on the presence or absence of sex steroids [17] . ABP (or ABP complexed with steroids) may thus function as an intercellular messenger mediating communication among Sertoli cells (source of ABP), Leydig cells (source of testosterone), and germ cells. Because germ cells are not thought to possess androgen receptor [42, 43] , ABP's role may be the activation of a putative receptor on the membrane of the germ cell, initiating a signal transduction cascade leading to a cellular response. Much work will be needed before we can understand how this mode of action of ABP, if operative, could bring about the changes in spermatogenesis seen in the transgenic mice. 
